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Paula J. Dempsey 
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Cleveland, Ohio 44135 
Abstract 
The objective of this analysis was to evaluate the ability of gear condition indicators (CI) to detect 
contact fatigue damage on spiral bevel gear teeth. Tests were performed in the NASA Glenn Spiral Bevel 
Gear Fatigue Rig on eight prototype gear sets (pinion/gear). Damage was initiated and progressed on the 
gear and pinion teeth. Vibration data was measured during damage progression at varying torque values 
while varying damage modes to the gear teeth were observed and documented with inspection photos. 
Sideband indexes (SI) and root mean square (RMS) CIs were calculated from the time synchronous 
averaged vibration data. Results found that both CIs respond differently to varying torque levels, damage 
levels and damage modes. 
Background 
Helicopter transmission health is important because helicopters depend on the power train for 
transmission of torque required for lift and flight maneuvering. Health Usage Monitoring Systems 
(HUMS) capable of predicting impending transmission component failure for “on-condition” 
maintenance have the potential to decrease operating and maintenance costs and increase safety and 
aircraft availability. “On-condition” refers to replacing time-based maintenance intervals with planned 
maintenance when HUMS “condition indicators” indicate decreased system performance. These HUMS 
“condition indicators” (CI) are typically vibration signatures or trends that develop when a fault occurs on 
a component and interacts with its operational environment. The CI must be correlated to a known failure 
mode to reliably detect the health of the system. 
A “seeded fault test,” in support of a rotorcraft condition based maintenance program (CBM), is an 
experiment in which a component is tested with a known fault while health monitoring data is collected. 
These tests are performed at operating conditions comparable to operating conditions the component 
would be exposed to while installed on the aircraft. Performance of seeded fault tests is one method used 
to provide evidence that a HUMS can replace current maintenance practices required for “on-condition” 
maintenance.  
Previous analyses were performed on rotorcraft spiral bevel gear condition indicator performance in 
support of the U.S. Army’s Condition-Based Maintenance (CBM) program (Refs. 1 and 2). CI perfor-
mance was evaluated using helicopter datasets recorded when damage occurred on spiral bevel gear 
(pinion/gear) teeth. The type of damage was also tied to available Army Tear-Down Analyses in which 
tooth damage was documented through descriptions and photographs. The CI referred to as SI performed 
the best at detecting contact fatigue failure modes. 
The objective of this analysis was to gain a better understanding why gear vibration based CI trend 
with damage under some conditions and poorly for others. The focused objective was to evaluate the 
ability of the gear CI, sideband index, to detect contact fatigue damage on spiral bevel gear teeth of 
prototype gears. A second objective was to study the trends of the RMS CI as a function of the condition 
of the gears and operating conditions of the test rig. A third objective was to use the results of these tests 
to define analyses to be applied to tests of the gear final design. Tests were performed in the  
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NASA Glenn Spiral Bevel Gear Fatigue Rig. The eight gear sets (pinion/gear) tested during four tests and 
evaluated within this analysis were prototypes of 42 newly designed spiral bevel gears. The results of 
these initial tests will be used to define analysis methods for the remaining 42 tests. 
Test Facility 
Tests were performed in the Spiral Bevel Gear Test Rig at NASA Glenn Research Center. A detailed 
description of this test facility can be found in References 3 and 4. The Spiral Bevel Gear Fatigue Rig is 
illustrated in Figure 1. In addition to developing gear health monitoring tools, the test facility has been 
used to study the effects of gear material, gear tooth design, and lubrication on the fatigue strength of 
gears. Two sets of spiral bevel gears are installed in the test rig and tested simultaneously. Facing the 
gearboxes per Figure 1, the left gear set (pinion/gear) is referenced as left and the right gear set 
(pinion/gear) is referenced as right within the paper. 
Figure 2 shows the cross-sectional view of the rig. The facility operates in a closed-loop arrangement 
where the load is locked into the loop via a split shaft and a thrust piston on the slave side of the rig. This 
forces a helical gear into mesh per Figure 2. Rotation is obtained using a drive motor connected through 
v-belts to the helical gear. The spiral bevel gears on the left side operate where the pinion drives the gear. 
The right side of the facility acts as a speed increaser where the gear drives the pinion. The concave side 
of the pinion is always in contact with the convex side of the gear on both the left and right side of the 
gearbox. Load and speed are monitored by torque and speed sensors. 
Data Acquisition and Instrumentation 
Vibration data was collected using accelerometers mounted on the left and right housing of the test 
rig. Further studies, outside the scope of this paper, are underway relating transfer paths between the gear 
mesh and accelerometer locations (Ref. 5). Data was collected at sample rates that provided sufficient 
vibration data for calculating time synchronous averaged data (TSA). TSA refers to techniques for 
averaging vibration signals over several revolutions of the shaft, in the time domain, to improve signal-to-
noise ratio (Ref. 6). Using a once per revolution signal, the vibration signal is interpolated into a fixed 
number of points per shaft revolution. Signals synchronous with the shaft speed, will intensify relative to 
the non-periodic signals. 
 
 
Figure 1.—Spiral bevel gear fatigue rig. Figure 2.—Cross section of spiral bevel gear fatigue rig. 
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Since helicopter gears generate vibration signals synchronous with speed, all helicopter gear 
condition indicators are calculated from TSA data. Gear vibration condition indicators are indexes 
calculated from vibration signal information. Many are based on statistical measurements of vibration 
energy. Signal processing techniques used to extract useful information to calculate a gear CI from the 
vibration signal are discussed in detail in Reference 7. Some gear CI’s are calculated from the time 
domain TSA signal, such as RMS. Some are calculated from the TSA converted to the frequency domain, 
such as SI. Some convert the TSA signal to the frequency domain, filter specific frequencies, convert it 
back to the time domain, then calculate a statistical parameter from this data with examples shown in 
References 6 to 8. 
Figure 3 illustrates the information used to calculate the TSA for the right gear and pinion. Using the 
sample rate of 200 KHz for 1 sec duration and the speed of both shafts, the number of TSA averages for 
each acquisition is determined. Each average consists of 1 revolution of the shaft. Each average is made 
up of the number of linearly interpolated points rounded down to a power of two. A power of two is used 
because it eases the future use of the Fast Fourier Transform (FFT) to transform the time domain signal 
for the time domain to the frequency domain. Per Figure 3, the top figure displays the right accelerometer 
data sampled for one second at 200,000 samples/second. The green and blue lines are pulses from the 
gear and pinion 1/rev signal measured for each shaft rotation during this one second period. Only the right 
accelerometer is plotted in the next figure with an expanded y-axis scale. The two lowest plots are the 
TSA signal calculated from the 1/rev and vibration data for the right gear and pinion. Pulses from the 41 
tooth gear and the 19 tooth pinion can easily be seen within these two plots. 
 
 
Figure 3.—Information used to calculate TSA. 
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During these tests, three data acquisition systems were used. Vibration, oil debris, torque and speed 
data were collected once every minute with the NASA Glenn research data acquisition system, referred to 
as Mechanical Diagnostic System Software (MDSS). Vibration and speed data were collected from a 
second set of sensors with a helicopter Health Usage Monitoring System referred to as Modern Signal 
Processing Unit (MSPU). Operational parameters were collected with a third system referred to as 
Daytronic. These operational parameters included torque, speed, right and left gearbox oil inlet and outlet 
temperatures and oil system pressures.  
Turbine engine oil that meets DOD-L-87354 specifications is used in the test rig. Both gear sets are 
lubricated with oil jets pumped from an oil reservoir. The lubrication from the gearbox then exits the 
gearbox and flows through an inductance type in-line oil debris sensor then past a magnetic chip detector. 
A strainer and a three micron filter are located downstream of the oil debris (OD) sensor to capture any 
debris before returning to the sensor and gearbox.  
A non-contact rotary transformer shaft mounted torque sensor was used to measure torque during 
testing. Thermocouples were used to measure inlet and outlet oil temperatures. The inductance type oil 
debris sensor was used to measure the debris generated during fatigue damage to the gear teeth. For the 
sensor, the MDSS records the particle counts measured by the oil debris sensor, their approximate size 
and an approximate mass. The sensor measures the number of particles and their approximate size based 
on user defined particle size ranges or bins. Based on the bin configuration, the average particle size for 
each bin is used to calculate the cumulative mass for the experiment by assuming the average particle size 
as a diameter spherical in shape and multiplying it by the density of steel. Chip indications from the chip 
detector, when the gap was closed with debris, were also measured. 
For the MDSS system, accelerometers were installed on the right and left side of the test rig housing. 
Accelerometer frequency range is 0.7 to 20 KHz with a resonant frequency of 70 KHz. The MDSS 
accelerometers were mounted on the housing, radially and vertically with respect to the pinion, as shown 
in Figure 4. Facing the gearboxes, the left gear set (pinion/gear) and right gear set (pinion/gear) 
accelerometers were referenced as such in the MDSS system. Speed was measured with optical 
tachometers mounted on the left pinion shaft and right gear shaft to produce a separate once-per-rev tach 
pulse for the pinion and gears. Time synchronous averaging of the vibration data collected from the left 
and right accelerometer is performed in the MDSS system for the pinions via the pinion tach pulse and the 
gears via the gear tach pulse. 
For the MSPU system, accelerometers are also installed on the right and left side of the test rig. 
Accelerometer frequency range is 0.5 to 5 KHz with a resonant frequency of 26 KHz. A magnetic 
tachometer is installed on the right pinion and measures pinion pulses per tooth pass. This is used to 
calculate the TSA for both the pinion and the gear. The gear ratio is used to process the data at the correct 
speed for the gear. 
For the first test, the MSPU accelerometers were mounted on the housing, axially and horizontally 
with respect to the pinion. At completion of the test it was determined that this location had a poor 
response to the gear mesh vibration signatures through analysis of the TSA data. For the remaining three 
tests, the accelerometers were mounted on the housing, in close proximity to the MDSS accelerometers, 
radially and vertically with respect to the pinion, as shown in Figure 4. The TSA data had a good response 
to the gear mesh vibration and correlated well with the MDSS data at this location. The thrust and 
tangential forces at the mesh of the spiral bevel gear design were also calculated from the gear set 
operating conditions and found the tangential force in the radial direction significantly larger than the 
thrust force in the radial direction indicating a larger amplitude in the radial vertical orientation. This is 
illustrated in Figure 4. 
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Figure 4.—Location of accelerometers.  
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Test Gear Sets 
The gears tested were prototypes of gears designed and specified to represent a rotorcraft drive 
system gear mesh and fit within the space available in the spiral bevel gear fatigue rig gearboxes. The 
gears were made from a steel alloy CEVM 9310, carburized, hardened and ground. However, the eight 
gear sets tested differed from the final design in that they were not shot peened and the surface roughness 
varied. The surface roughness on the pinions tested ranged from 11 to 15 in. and the surface roughness 
on the gears tested ranged from 26 to 35 in. In addition, two of the sets tested, referred to as test 1, had 
pinion teeth slightly thicker than the final design due to incorrectly performing the final grind on the sets 
per the soft tooth finish. The other six sets tested also differed from the final design in that copper plating 
used for masking parts of the gear during carburization was not removed from the edge of the gear teeth 
and the edges were not broken to design specifications. 
The prototype gear sets tested have 6.4 in. diametral pitch, 20° pressure angle, 25° spiral angle, 
0.94 in. face width and 2.15 gear ratio. The gears have 41 teeth and the pinions have 19 teeth. The test 
gears were designed to operate at a gear speed of 3500 rpm and torque of 8000 in.-lbs, pinion speed of 
7553 rpm and torque of 3707 in.-lbs and 240 to 265 F inlet oil temperatures with an American Gear 
Manufacturers Association (AGMA) calculated contact stress of 237 ksi. 
Test Description 
For this study, eight gear sets were tested at a gear speed of 3500 rpm and pinion speed of 7553 rpm, 
except for the run-in of the test 1 gear set. Gear torque varied from 4000 to 8000 in.-lbs and pinion torque 
varied from 1854 to 3707 in.-lbs. At the start of each test, a run-in was performed for a minimum of 1 hr 
at 4000 in.-lbs gear torque/3500 rpm gear speed and 1854 in.-lbs pinion torque/7553 rpm pinion speed. 
Contact cycles accumulated at a rate of 210,000 per hour for the gear and 453,180 per hour for the pinion. 
At completion of the run-in, inspection photos were taken of the left and right gear and pinion teeth. 
Inspection photos were then taken throughout the test to document damage progression to the gear teeth. 
The failure modes to be investigated for this study were defined by class (contact fatigue), general 
mode (macro pitting) and degree (progressive) per American Gear Manufacturers Association (AGMA) 
standards for gear wear terminology outlined in Reference 9. However, additional failure modes were 
observed during each test. Using Reference 9 for tooth damage terminology, a numbering scheme per 
Reference 1 was developed to streamline the identification of gear damage. Table 1 illustrates this 
numbering scheme for the types of damage observed during these tests. Tables 2 to 5 summarize the 
observed failure modes observed on the gear teeth during each inspection interval. Note that the 3rd 
column in the tables labeled “MDSS Rdg (min)” is the time in operation of the rig in minutes.  
 
 
TABLE 1.—NUMBERING SCHEME FOR NOMENCLATURE 
OF GEAR FAILURE MODES (REF. 1) 
 
  
Class GeneralMode SpecificModeorDegree
2.0Scuffing 2.1Scuffing 2.1.1Mild
2.1.2Moderate
2.1.3Severe
4.0ContactFatigue 4.1SubcaseFatigue
4.2Micropitting
4.3Macropitting 4.3.1Initial
4.3.2Progressive
4.3.3Flake
4.3.4Spall
6.0Fracture 6.0Fracture
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TABLE 2.—FAILURE MODES DURING TEST 1 
 
 
 
 
TABLE 3.—FAILURE MODES DURING TEST 2 
 
 
 
 
TABLE 4.—FAILURE MODES DURING TEST 3 
 
 
 
 
TABLE 5.—FAILURE MODES DURING TEST 4 
 
 
  
TestLWW9_RXX10 MDSS 
Date Rdg(Min) Torque GearLeft PinionLeft GearRight PinionRight
Start 12/14/2011 0 0 
Runin 12/14/2011 60 4000
Inspection 12/14/2011 186 4000
Inspection 12/14/2011 269 8000 4.2at,2.1.2at
Inspection 12/15/2012 553 8000 4.3.11t 4.2at 4.2at,2.1.2at
Inspection 12/20/2011 1862 8000 4.3.11t,4.3.41t,4.2at 4.2at,2.1.2at,6.0atet 4.2at,2.1.2at
Inspection 12/23/2011 4814 8000 4.3.43t 4.3.42t,4.2at 4.2at,2.1.2at,6.0atet 4.2at,2.1.2at*
Inspection 1/10/2012 6065 8000 4.3.45t,4.3.23t 4.3.42t,4.3.22t,4.2at 4.2at,4.3.1/4.3.419t,6.0atet 4.3.16t,4.3.2/4.3.43t*
Key:xt=numberofteeth;at=allteeth;et=edgesofteeth;*=addprecedingdamagetoinspectioninterval
MDSS 
Date Rdg(Min) Torque GearLeft PinionLeft GearRight PinionRight
Start 9/4/2012 0 0
Runin 9/4/2012 60 4000
Inspection 9/4/2012 108 4000
9/14/2012 202 4000
Inspection 9/14/2012 379 8000 6.0atet 4.22t 6.0atet,2.1.2at 4.2at,2.1.3at
9/18/2012 468 4000
Inspection 9/18/2012 559 8000 6.0atet 4.3.23t,4.3.42t 6.0atet,2.1.2at 4.2at,2.1.3at
9/19/2012 632 4000
Inspection 9/19/2012 662 8000 6.0atet 4.3.45t 6.0atet,2.1.2at 4.2at,2.1.3at
Key:xt=numberofteeth;at=allteeth;et=edgesofteeth
TestL0505R0606
MDSS 
Date Rdg(Min) Torque GearLeft PinionLeft GearRight PinionRight
Start 11/27/2012 0 4000
Runin 11/27/2012 69 4000
Inspection 11/27/2012 184 6000 6.0atet
11/28/2012 367 6000
Inspection 11/28/2012 520 8000 6.0atet 4.3.2at 6.0atet,2.1.2at 6.0atet,2.1.2at,4.3.41t
Inspection 11/29/2012 686 8000 6.0atet 4.3.2at,4.3.41t 6.0atet,2.1.2at 6.0atet,2.1.2at,4.3.45t,4.3.24t
Key:xt=numberofteeth;at=allteeth;et=edgesofteeth
TestL0701R0802
MDSS 
Date Rdg(Min) Torque GearLeft PinionLeft GearRight PinionRight
Start 12/4/2012 0 4000
Runin 12/4/2012 60 4000
Inspection 12/5/2012 489 6000 6.0atet 6.0atet,2.1.2at 4.3.1at,2.1.2at
Inspection 12/6/2012 901 6000 6.0atet 6.0atet,4.3.1at 6.0atet,2.1.2at 4.3.1at,2.1.2at
Inspection 12/7/2012 1196 6000 6.0atet 6.0atet,4.3.1at 6.0atet,2.1.2at 4.3.1at,2.1.2at
Inspection 12/10/2012 1829 6000 6.0atet 6.0atet,4.3.1at 6.0atet,2.1.2at 4.3.1at,2.1.2at
Inspection 12/13/2012 4034 6000 6.0atet,4.3.45t,4.3.26t 6.0atet,4.3.1at 6.0atet,2.1.2at 4.3.1at,2.1.2at
Key:xt=numberofteeth;at=allteeth;et=edgesofteeth
TestL1103R1204
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The tests ran until macro pitting/spalling (4.3.4) larger than one mm in diameter covered a significant 
area of two or more gear or pinion tooth surfaces. Definitions for pitting modes per Reference 9 are 
summarized as follows: 
 
 Initial—Pits less than 1 mm in diameter in localized areas removing high asperities. 
 Progressive—Pits in different shapes/sizes greater than 1 mm in diameter covering a large area of the 
tooth contact surface. 
 Flake—Pits that are shallow but cover large areas that consist of thin flakes. 
 Spalling—Progressive pitting where smaller pits combine to form irregular craters that cover an area 
of the tooth contact surface that exceeds progressive pitting. 
 
Since the focus for this analysis was CI performance when macro pitting/spalling was observed, this 
type of failure mode is highlighted in green in Tables 2 to 5. Other common failure modes observed for 
the four tests are also highlighted with the same color within each table. 
The reader should note that damage mode 6.0, fracture, was a failure mode observed due to the 
prototype gear design. In the prototype design, the edges of the teeth were not broken per design 
specifications and the copper masking was left on the edge of the teeth. This caused copper edges to 
fracture during testing. Since the oil debris sensor does not measure non-ferrous particles, this type of 
debris was not measured by the sensor. 
Due to the storage limitation of the MSPU system, data could only be recorded automatically every 
30 min during testing. Manual acquisitions were also performed periodically throughout the test. 
Sometimes, the system recorded the data for the pinion and did not record the data for the gear when 
manual acquisitions were performed due to storage and speed limitations. Since the timestamps and 
frequency of the data acquisition varied with both systems, the inspection intervals were used to correlate 
the time periods between both systems. Tables 6 to 9 list the MSPU reading that corresponds with the 
MDSS reading. Note the Index(in) refers to the pinion and the Index(out) refers to the gear. 
 
TABLE 6.—MSPU INDEXED TO MDSS FOR TEST 1 TABLE 7.—MSPU INDEXED TO MDSS FOR TEST 2 
  
TABLE 8.—MSPU INDEXED TO MDSS FOR TEST 3 TABLE 9.—MSPU INDEXED TO MDSS FOR TEST 4
 
 
  
LWW9_RXX10 MDSS
Date Rdg(Min) Index(in) Index(out) Torque
Start 12/14/2011 0 0
Runin 12/14/2011 60 1 1 4000
Inspection 12/14/2011 186 10 3 4000
Inspection 12/14/2011 269 17 10 8000
Inspection 12/15/2012 553 30 23 8000
Inspection 12/20/2011 1862 82 75 8000
Inspection 12/23/2011 4814 200 193 8000
Inspection 1/10/2012 6065 221 213 8000
MSPU MDSS
Date Rdg(Min) Index(in) Index(out) Torque
Start 9/4/2012 0 0
Runin 9/4/2012 60 10 10 4000
Inspection 9/4/2012 108 12 12 4000
9/14/2012 202 21 21 4000
Inspection 9/14/2012 379 32 32 8000
9/18/2012 468 40 40 4000
Inspection 9/18/2012 559 49 49 8000
9/19/2012 632 56 56 4000
Inspection 9/19/2012 662 59 59 8000
L0505R0606 MSPU
NASA/TM—2013-216610 9 
Analysis of Test Operational Conditions 
When detecting rotorcraft component damage, a data driven approach is traditionally used to identify 
damage within the transmission. Data from “healthy” transmission components are used to define healthy 
vibration signatures. Significant changes in these or signatures comparable to those historically measured 
on damaged components are used to indicate damage. A model based approach for assessment of CI 
response to damage has an advantage in that it does not require validation data from all types and modes 
of damage. Randall (Ref. 10) presented a model based on changes of the gear vibration signature caused 
by changes in the tooth profile caused by tooth wear or damage. He noted measuring gear mesh signatures 
at the same load due sensitivities of the signature to changes in the tooth profile caused by its deflection 
under load. To date, a model based approach has not been implemented. This is mainly due to the 
dynamic characteristics unique to each system, under varying operational conditions that can affect CI 
response (Ref. 11). 
Typically, within a helicopter HUMS system, the CI and operational data are acquired, stored, 
tracked, trended and monitored separately (Ref. 12). Limited work has been performed evaluating gear CI 
performance under varying load, speed and operational conditions (Refs. 13 to 17). Passing key 
information between both systems and integrating this information can improve the performance and 
reliability of both systems to indicate progression of damage and remaining time in operation. 
Operational parameters were collected during testing and are included within this discussion. Gear 
speed of 3500 rpm was maintained for each test. Torque was maintained at 3 levels: 4000, 6000, and 
8000 in.-lbs. Inlet oil temperatures ranged from 183 to 225 F, oil jet inlet temperatures ranged from 38 to 
79 psi. Often, the vibration signatures respond to significant changes in conditions. Although a complete 
data set of all the varying conditions was unavailable to statistically assess these differences a simple 
model will be applied to this dataset for future use when additional gear tests are completed. 
Table 10 provides a causal model that was presented in References 18 and 19 for use in the analysis 
of in-flight maneuvering effects on transmission vibration. Although our test rig does not simulate flight 
maneuvers, the framework can be applied to understand the affects inputs have on the measured outputs 
based on the internal response of the test gearbox to its inputs. These inputs are the test conditions that 
include torque, speed, oil temperatures and oil jet pressures. The internal response changes with these 
conditions when gear or pinion teeth are undamaged and is measured with the output sensors. When tooth 
damage occurs, the internal response will be affected causing changes in the output response. This 
response must differ from the undamaged gear output response and be reflected in the condition indicator. 
 
TABLE 10.—MODEL FOR CAUSAL RELATIONSHIPS (REFS. 18 AND 19) 
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Several condition indicators exist to detect gear tooth damage. The referenced analysis (Refs. 18 and 
19) used the time domain CI, RMS of the time synchronous averaged vibration data (a), as the measured 
output of the internal response. 
 
  
n
i i
a
n 1
21RMS  (1) 
 
The RMS data from the left and right pinion and gear calculated for the four tests the will be plotted 
and discussed in conjunction with the sideband index in the following sections of this paper. 
Note that the accelerometers installed on the left side of the test rig were used to measure vibration 
for the pinion and gear installed on the left side of the gearbox. The accelerometers installed on the right 
side of the gearbox were used to measure vibration for the pinion and gear installed on the right side of 
the gearbox. The vibration data from the left accelerometer and the 1/rev signal on the pinion shaft were 
used to calculate left pinion CIs. The vibration data from the left accelerometer and the 1/rev signal on the 
gear shaft were used to calculate left gear CIs. The vibration data from the right accelerometer and the 
1/rev signal on the pinion shaft were used to calculate right pinion CIs. The vibration data from the right 
accelerometer and the 1/rev signal on the gear shaft were used to calculate right gear CIs. 
As mentioned in the previous section, sideband index methods were studied in this work for use in 
detecting surface fatigue damage to spiral bevel gear teeth. Sideband index methods were selected for use 
in this study due to success at detecting damage to spiral bevel gear teeth in several helicopters (Refs. 1 
and 2) SI is a frequency domain based CI. The CI value is an average value of sideband amplitudes about 
the fundamental gear mesh frequency. The number of sidebands included in the calculation of the 
sideband CI can vary with different health monitoring systems. 
All gears generate a dominant gear mesh (GM) frequency in the vibration signature due to each tooth 
impacts against the gear it is driving as the pinion and gear mesh. The gear (or pinion) mesh frequency is 
equal to the number of gear teeth multiplied by its speed. Gear sets also produce pairs of equally spaced n 
sidebands on either side of the gear mesh equal to (n#teeth n) multiplied by speed. Certain types of gear 
tooth damage, such as pitting on several teeth, can affect the amplitude of the sidebands. Increases in 
sideband amplitudes are often used to calculate a gear condition indicator. 
Condition indicator (CI) SI was calculated for the left gear, left pinion, right gear and right pinion. 
For this CI, the time synchronous average data is converted to the frequency domain, then the amplitude 
of the average sidebands on either side of the gear mesh are trended. The MDSS system averages the 
amplitude of 1 sideband on either side of the gear or pinion mesh to calculate its SI CI. The MSPU 
system averages the amplitude of 3 sidebands on either side of the gear or pinion mesh to calculate its SI 
CI. For example, the pinion gear mesh is 19 time the rpm of the pinion. The MSPU system averages the 
amplitude of 3 sidebands (16	rpm, 17	rpm, 18	rpm, 20	rpm, 21	rpm, and 22	rpm) to calculate SI. 
Figure 5 illustrates the steps required to calculate RMS and SI for each reading. RMS uses the 
interpolated TSA data per Figure 3 to calculate the RMS of the TSA. SI uses the TSA to calculate an 
FFT. Then the amplitudes of the FFT on either side of the gear mesh (GM) are used to calculate SI 
indexes. Note that the x-axis of the plot showing the FFT of the right gear is in shaft orders or multiples 
of shaft speed. For example, since the gear has 41 teeth, the gear mesh frequency (teeth x rpm) shows up 
at 41 shaft orders. 
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Figure 5.—RMS and SI calculations. 
Experimental Data 
Summaries of each test will be discussed in the following sections that include plots of debris 
generated and gear torque measured during each test. Reference 20 contains a detailed analysis of the oil 
debris generated and operational parameters measured during these tests. Torque was measured in inch-
pounds and plotted in blue per the left y-axis. Debris generated was measured in milligrams and plotted in 
orange per the right y-axis. The x-axis was measured as the time of rig operation in minutes. The yellow 
triangles on the x-axis indicate the time when the gear and pinion teeth were inspected. During each test, 
RMS for the left and right pinion/gear set were plotted in volts. Multiplying the y-axis scale by 100 
converts volts to g’s. 
Sidebands were calculated and plotted in several different variations to determine if trends were 
observed with varying levels and types of tooth damage. The 3 individual sidebands for the left and right 
gear and pinion were calculated and plotted from vibration data collected on both the MDSS and MSPU 
systems. The average of 3 sidebands for the left and right gear and pinion were calculated and plotted 
from vibration data collected on both the MDSS and MSPU systems. The average of 1 sideband for the 
left and right gear and pinion were calculated and plotted from vibration data collected on both the MDSS 
and MSPU systems. The maximum 3 sideband for the left and right gear and pinion were also calculated 
and plotted from vibration data collected on both the MDSS and MSPU systems. 
Tables of mean and standard deviation values for individual sidebands for the left and right gear and 
pinion between inspection intervals and torque changes were also generated. Observations from the 
tabular and plotted data were included. Representative photos of gear and pinion teeth damage modes and 
their progression at the inspections intervals was provided in Appendix A. Plots of the MDSS and MSPU 
data of individual, average of 1 sideband, 3 sideband and maximum sideband will be included in 
Appendix B. Note that MSPU data will not be plotted for test 1 due to poor response of MSPU 
accelerometer for these tests. A summary of the operational data collected for each test averaged within 
each inspection period will be included in Appendix C. Only torque changes were plotted for this paper. 
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Future study is warranted of the effect the other operational parameters listed in Appendix C have on CI 
response, but outside the scope of this paper. 
The purpose of plotting the data and generating the tables was to compare differences between 
sideband amplitudes for the gears, pinions, torque changes and failure modes. The hope going into this 
was that specific sidebands increased or decreased in values due to comparable operational and 
environmental conditions between tests.  
Test 1  
Figure 6 is a plot of debris generated and the torque during test 1. Figure 7 is a plot of RMS during 
test 1. Tooth damage photos for the gear and pinion during the inspection intervals can be found in 
Figures A.1.1 to A.1.5. 
For test 1, Figures A.1.1 to A.1.5 illustrate the progression of damage on the gear and pinion teeth. For 
the left pinion, macropitting was observed on one pinion tooth at reading 1862 and on two teeth at reading 
4814. For the left gear, macropitting was observed on three teeth at reading 4814 and five teeth at reading 
6065. Macropitting was also observed on the right gear and pinion at reading 6065, the end of the test. 
For test 1, per Figure 6, the rate of debris generation measured was 1.9 mg/hr at reading 1862, when 
spalling macropitting (4.3.4) was first observed on one left pinion tooth, although per Table 2, other types 
of damage occurred during this inspection interval on the right gear teeth. The rate decreased to 
0.4 mg/hr when macropitting was observed on all of the teeth. 
 
 
 
 
Figure 6.—Debris generated and torque during test 1. 
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Figure 7.—RMS during test 1. 
 
Per Figure 7, RMS could not be used to isolate the pinion from the gear on the left and right side of 
the test rig. The left gear and pinion RMS values tracked each other very closely as did the right gear and 
pinion. Both responded to the restarts after inspections, but the right side was significantly more sensitive 
than the left. The left RMS values trended well with damage progression. 
Figures B.1.1, B.1.3, B.1.5, and B.1.7 are plots of the individual 3 sideband and the gear mesh for 
the 41 tooth gears and the 19 tooth pinions for left gear, right gear, left pinion, right pinion during the test. 
The left y-axis is scaled for the 3 sidebands. The right y-axis is scaled for the gear (Sig41) and pinion 
(SI19) meshes. The x-axis correlates to the time in operation of the test rig in minutes. The yellow 
triangles correlate to gear tooth inspections. 
Figures B.1.2, B.1.4, B.1.6, and B.1.8 are plots of the average 1 sidebands, average 3 sidebands 
and the maximum of the 3 sidebands for left gear, right gear, left pinion, right pinion during the test. The 
yellow triangles correlate to gear tooth inspections. 
Table 11 is a summary of the mean and standard deviation values for the individual sidebands 
between each inspection interval. The columns highlighted in blue are the gear and pinion meshes. The 
cells highlighted in red have the maximum values within that inspection interval. The cells highlighted in 
yellow have the next maximum values. The cells highlighted in green have the minimum values. 
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TABLE 11.—SUMMARY OF SIDEBANDS FOR TEST 1 
 
  
LWW9RXX10
LeftGear LeftGear
Torque Inspection SIgl38 SIgl39 SIgl40 SIgl41 SIgl42 SIgl43 SIgl44 SIgl38 SIgl39 SIgl40 SIgl41 SIgl42 SIgl43 SIgl44
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 1186 0.02 0.15 0.17 1.98 0.23 0.46 0.09 0.01 0.10 0.06 0.99 0.11 0.26 0.04
8000 187269 0.03 0.07 0.30 5.87 0.31 0.13 0.14 0.01 0.02 0.06 1.06 0.05 0.06 0.05
8000 270553 0.03 0.10 0.24 4.42 0.43 0.21 0.14 0.01 0.02 0.04 0.50 0.05 0.04 0.03
8000 5541862 0.06 0.05 0.11 4.00 0.19 0.16 0.07 0.01 0.02 0.02 0.18 0.09 0.04 0.02
8000 18634814 0.06 0.03 0.15 4.88 0.14 0.37 0.13 0.02 0.01 0.04 0.51 0.04 0.10 0.06
8000 48156065 0.05 0.05 0.06 6.61 0.26 0.63 0.18 0.01 0.02 0.03 0.36 0.08 0.07 0.03
LeftPinion LeftPinion
Torque Inspection SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22 SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 1186 0.03 0.07 0.15 1.98 0.58 0.08 0.09 0.01 0.03 0.10 0.99 0.33 0.05 0.06
8000 187269 0.05 0.07 0.10 5.87 0.45 0.10 0.09 0.02 0.04 0.06 1.06 0.19 0.06 0.04
8000 270553 0.05 0.07 0.07 4.42 0.57 0.10 0.10 0.03 0.03 0.04 0.50 0.16 0.06 0.05
8000 5541862 0.08 0.07 0.08 4.00 0.42 0.12 0.09 0.04 0.03 0.04 0.18 0.12 0.05 0.04
8000 18634814 0.10 0.12 0.20 4.88 0.89 0.37 0.13 0.04 0.04 0.09 0.51 0.21 0.08 0.05
8000 48156065 0.15 0.22 0.32 6.61 1.30 0.44 0.12 0.04 0.04 0.05 0.36 0.14 0.08 0.05
LWW9RXX10
RightGear RightGear
Torque Inspection SIgr38 SIgr39 SIgr40 SIgr41 SIgr42 SIgr43 SIgr44 SIgr38 SIgr39 SIgr40 SIgr41 SIgr42 SIgr43 SIgr44
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 1186 0.06 0.24 0.10 3.03 0.23 0.17 0.10 0.02 0.14 0.03 1.37 0.06 0.11 0.04
8000 187269 0.05 0.06 0.11 4.38 0.14 0.09 0.10 0.02 0.03 0.03 0.88 0.06 0.03 0.04
8000 270553 0.04 0.08 0.08 3.59 0.11 0.11 0.13 0.01 0.03 0.03 0.32 0.04 0.03 0.03
8000 5541862 0.02 0.08 0.06 3.73 0.09 0.26 0.03 0.01 0.02 0.01 0.28 0.04 0.04 0.01
8000 18634814 0.06 0.06 0.12 6.12 0.31 0.46 0.08 0.01 0.02 0.03 0.61 0.11 0.06 0.05
8000 48156065 0.07 0.09 0.08 7.86 0.52 0.40 0.14 0.01 0.01 0.03 0.46 0.05 0.05 0.02
RightPinion
Torque Inspection SIpr16 SIpr17 SIpr18 SIpr19 SIpr20 SIpr21 SIpr22 SIpr16 SIpr17 SIpr18 SIpr19 SIpr20 SIpr21 SIpr22
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 1186 0.03 0.03 0.21 3.03 0.24 0.11 0.04 0.02 0.02 0.11 1.37 0.12 0.06 0.03
8000 187269 0.03 0.08 0.15 4.38 0.22 0.12 0.05 0.01 0.03 0.04 0.88 0.09 0.07 0.02
8000 270553 0.04 0.07 0.10 3.59 0.31 0.11 0.14 0.02 0.02 0.03 0.32 0.08 0.04 0.05
8000 5541862 0.05 0.11 0.13 3.73 0.28 0.12 0.04 0.02 0.03 0.06 0.28 0.07 0.05 0.02
8000 18634814 0.07 0.15 0.39 6.12 0.64 0.29 0.09 0.03 0.02 0.07 0.61 0.06 0.10 0.03
8000 48156065 0.11 0.14 0.43 7.86 0.57 0.38 0.09 0.02 0.01 0.04 0.46 0.07 0.05 0.02
StandardDeviations
StandardDeviations
Means
Means
RightPinion
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A summary of the response of the individual sidebands to damage between each inspection interval is 
listed below: 
 
1. Left gear: 
a. The +2 sideband (SI43) had the largest value when damage was observed on the gear 
teeth. 
b. The +2 sideband (SI43) trended well after gear damage progressed. 
c. The +2 sideband (SI43) had the largest value at lower torque. 
d. The +1 sideband (SI42) had the largest value when no damage was observed on the gear 
teeth. 
e. The +1 sideband (SI42) trended after gear damage progressed. 
2. Left pinion: 
a. The +1 sideband (SI20) had the largest value throughout the test. 
b. The +1 sideband (SI20) trended well after gear damage progressed to more than one 
tooth. 
c. The +1 sideband (SI20) had the largest value at lower torque. 
3. Right gear: 
a. The +2 sideband (SI43) had the largest value when damage was observed on the gear 
teeth. 
b. The +2 sideband (SI43) trended well after gear damage progressed until reading 4814, 
then dropped below 1 sideband (SI42). 
c. The –2 sideband (SI39) and had the largest value at lower torque. 
d. The +1 sideband (SI42) trended after gear damage progressed. 
4. Right pinion:  
a. The +1 sideband (SI20) had the largest value throughout the test. 
b. The +1 sideband (SI20) trended well after pinion damage progressed, but dropped 
slightly after reading 4814. 
c. The –1 sideband (SI18) trended well after pinion damage progressed, but dropped 
slightly after reading 4814. 
d. The +2 sideband (SI21) trended well after pinion damage progressed, but dropped 
slightly after reading 4814. 
e. The +1 sideband (SI20) had the largest value at lower torque. 
 
A summary of the response of the average of 3 sidebands, the average of 1 sideband and the 
maximum of the 3 sidebands is listed below: 
 
1. Left gear: 
a. The maximum sideband trended well after gear damage began and progressed to several 
teeth. 
b. The average +1 sideband did not trend well to damage progression. 
c. The average +3 sideband trended after gear damage progressed. 
2. Left pinion: 
a. The maximum sideband trended well after gear damage progressed to more than one 
tooth. 
b. The average +1 sideband trended after gear damage progressed to more than one tooth. 
c. The average +3 sideband trended after gear damage progressed to more than one tooth. 
3. Right gear: 
a. The maximum sideband trended well when gear damage began and progressed to several 
teeth, but decreased slightly at the last inspection interval (4814–6065). 
b. The average 1 sideband trended after gear damage progressed, but decreased slightly at 
last inspection interval (4814–6065). 
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c. The average 3 sideband trended after gear damage progressed, but decreased slightly at 
last inspection interval (4814–6065). 
4. Right pinion: 
a. The maximum sideband trended well when gear damage progressed to several teeth, but 
decreased slightly at the last inspection interval (4814–6065). 
b. The average 1 sideband trended after gear damage progressed, but decreased slightly at 
last inspection interval (4814–6065). 
Test 2  
Figure 8 is a plot of debris generated and the torque during test 2. Figure 9 is a plot of RMS during 
test 2. Tooth damage photos for the gear and pinion during the inspection intervals can be found in 
Figure A.2.1. 
 
 
Figure 8.—Debris generated and torque during test 2. 
 
 
Figure 9.—RMS during test 2. 
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For test 2, Figure A.2.1 illustrates the progression of damage to five left pinion teeth. The other 
photos are representative pictures of one left gear tooth, on right gear tooth and one pinion tooth. The 
damage to these gears did not change after the inspection at reading 379. For the left pinion, no 
macropitting was observed on the pinion teeth at reading 379, 6.32 hours into the test. At reading 559, 
9.32 hours into the test, 4.3.4 was observed on two pinion teeth. At reading 662, 11.03 hours into the test, 
4.3.4 was observed on five teeth.  
For test 2, per Figure 8, the rate of debris generation measured was at 8.96 mg/hr when progressive 
macropitting (4.3.2) was first observed on several teeth. The rate decreased to 3.75 mg/hr when the torque 
dropped to 4000 in.-lb. The debris generated then increased from 3.75 to 27.69 mg/hr when torque 
increased from 4000 to 8000 in.-lb, and spalling macropitting (4.3.4) was observed on five gear teeth. 
Per Figure 9, RMS could not be used to isolate the pinion from the gear on the left and right side of 
the test rig. The left gear and pinion tracked each other very closely as did the right gear and pinion. Both 
responded to the restarts after inspections, but the right side was significantly more sensitive than the left. 
The left and right side RMS values did not trend well with damage progression due to the varying torque 
levels throughout the test. Both increased in value with increases in torque. 
Figures B.2.1, B.2.5, B.2.9, and B.2.13 are plots of the individual 3 sideband and the gear mesh for 
the 41 tooth gears and the 19 tooth pinions for left gear, right gear, left pinion, right pinion during the test 
from the MDSS. The left y-axis is scaled for the 3 sidebands. The right y-axis is scaled for the gear 
(Sig41) and pinion (SI19) meshes. The x-axis correlates to the time in operation of the test rig in minutes. 
The yellow triangles correlate to gear tooth inspections. 
Figures B.2.2, B.2.6, B.2.10, and B.2.14 are plots of the individual 3 sideband and the gear mesh for 
the 41 tooth gears and the 19 tooth pinions for left gear, right gear, left pinion, right pinion during the test 
from the MSPU. The left y-axis is scaled for the 3 sidebands. The right y-axis is scaled for the gear 
(Sig41) and pinion (SI19) meshes. The yellow triangles correlate to gear tooth inspections per Table 7. 
Figures B.2.3, B.2.7, B.2.11, and B.2.15 are plots of the average 1 sidebands, average 3 sidebands 
and the maximum of the 3 sidebands for left gear, right gear, left pinion, right pinion during the test 
from the MDSS. The yellow triangles correlate to gear tooth inspections. 
Figures B.2.4, B.2.8, B.2.12, and B.2.16 are plots of the average 1 sidebands, average 3 sidebands 
and the maximum of the 3 sidebands for left gear, right gear, left pinion, right pinion during the test 
from the MSPU. The yellow triangles correlate to gear tooth inspections per Table 7. 
Table 12 is a summary of the mean and standard deviation values for the individual sidebands 
between each inspection interval. The columns highlighted in blue are the gear and pinion meshes. The 
cells highlighted in red have the maximum values within that inspection interval. The cells highlighted in 
yellow have the next maximum values. The cells highlighted in green have the minimum values. 
For test 2, Figure A.2.1, in Appendix A, illustrates the progression of damage to five left pinion teeth. 
The other photos are representative pictures of one left gear tooth, on right gear tooth and one pinion 
tooth. The damage to these gears did not change after the initial inspection. For the left pinion, no 
macropitting was observed on the pinion teeth 6 hr into the test. Nine hours into the test, 4.3.4 was 
observed on two pinion teeth. Eleven hours into the test, 4.3.4 was observed on five teeth. 
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TABLE 12.—SUMMARY OF SIDEBANDS FOR TEST 2 
 
  
Torque Inspection SIgl38 SIgl39 SIgl40 SIgl41 SIgl42 SIgl43 SIgl44 SIgl38 SIgl39 SIgl40 SIgl41 SIgl42 SIgl43 SIgl44
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 1108 0.08 0.14 0.25 2.91 0.20 0.31 0.34 0.03 0.07 0.05 0.67 0.04 0.17 0.04
4000 109202 0.08 0.06 0.11 1.49 0.24 0.44 0.40 0.02 0.03 0.03 0.40 0.11 0.10 0.11
8000 203379 0.03 0.04 0.28 3.99 0.13 0.48 0.12 0.01 0.01 0.02 0.52 0.04 0.03 0.05
4000 380468 0.07 0.07 0.23 1.96 0.32 0.54 0.38 0.02 0.02 0.05 0.43 0.09 0.10 0.11
8000 469559 0.01 0.04 0.30 3.30 0.31 0.41 0.09 0.01 0.01 0.01 0.22 0.02 0.03 0.02
4000 560632 0.10 0.07 0.17 1.61 0.39 0.55 0.38 0.02 0.01 0.03 0.26 0.06 0.03 0.08
8000 633662 0.01 0.04 0.31 3.80 0.34 0.34 0.07 0.01 0.01 0.06 0.56 0.06 0.06 0.02
Torque Inspection SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22 SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 1108 0.03 0.13 0.27 2.91 0.39 0.33 0.06 0.01 0.04 0.07 0.67 0.12 0.09 0.02
4000 109202 0.02 0.14 0.25 1.49 0.29 0.27 0.04 0.01 0.06 0.08 0.40 0.08 0.06 0.01
8000 203379 0.09 0.15 0.10 3.99 0.21 0.25 0.03 0.03 0.03 0.03 0.51 0.03 0.03 0.01
4000 380468 0.07 0.08 0.21 1.96 0.44 0.28 0.03 0.01 0.03 0.06 0.43 0.09 0.07 0.01
8000 469559 0.13 0.17 0.26 3.30 0.12 0.14 0.05 0.02 0.01 0.04 0.22 0.05 0.04 0.01
4000 560632 0.10 0.11 0.27 1.61 0.35 0.29 0.03 0.01 0.02 0.06 0.26 0.06 0.02 0.01
8000 633662 0.19 0.13 0.21 3.81 0.05 0.31 0.08 0.05 0.02 0.04 0.56 0.03 0.06 0.02
Torque Inspection SIgr38 SIgr39 SIgr40 SIgr41 SIgr42 SIgr43 SIgr44 SIgr38 SIgr39 SIgr40 SIgr41 SIgr42 SIgr43 SIgr44
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 1108 0.09 0.11 0.16 4.36 0.06 0.46 0.27 0.02 0.03 0.04 0.85 0.04 0.04 0.08
4000 109202 0.14 0.05 0.12 4.18 0.11 0.28 0.21 0.04 0.03 0.04 0.99 0.07 0.09 0.07
8000 203379 0.05 0.07 0.33 13.65 0.44 0.15 0.14 0.01 0.02 0.04 0.96 0.05 0.05 0.02
4000 380468 0.09 0.13 0.13 5.45 0.22 0.35 0.24 0.02 0.03 0.04 1.57 0.08 0.11 0.09
8000 469559 0.02 0.09 0.21 6.80 0.30 0.12 0.08 0.01 0.01 0.02 0.79 0.05 0.03 0.01
4000 560632 0.15 0.17 0.07 3.64 0.14 0.37 0.19 0.02 0.02 0.02 0.24 0.02 0.05 0.05
8000 633662 0.02 0.08 0.23 6.85 0.24 0.12 0.07 0.01 0.01 0.04 1.25 0.05 0.03 0.02
Torque Inspection SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22 SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 1108 0.04 0.16 0.22 4.36 0.19 0.20 0.03 0.01 0.03 0.05 0.85 0.04 0.06 0.01
4000 109202 0.03 0.15 0.18 4.18 0.20 0.18 0.02 0.01 0.03 0.04 0.99 0.10 0.04 0.01
8000 203379 0.05 0.08 0.19 13.65 0.20 0.27 0.03 0.02 0.01 0.03 0.96 0.05 0.02 0.01
4000 380468 0.02 0.17 0.23 5.45 0.20 0.20 0.10 0.01 0.03 0.05 1.57 0.06 0.04 0.02
8000 469559 0.04 0.12 0.16 6.80 0.29 0.16 0.21 0.01 0.01 0.04 0.79 0.05 0.03 0.05
4000 560632 0.02 0.10 0.24 3.64 0.07 0.19 0.22 0.01 0.02 0.02 0.24 0.03 0.03 0.02
8000 633662 0.05 0.09 0.17 6.85 0.31 0.18 0.21 0.02 0.02 0.03 1.25 0.06 0.04 0.03
RightGear RightGear
RightPinion RightPinion
LeftPinion LeftPinion
L0505R0606 Means StandardDeviations
StandardDeviationsMeans
LeftGear LeftGear
L0505R0606
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A summary of the response of the individual sidebands to damage between each inspection interval is 
listed below:  
 
1. Left gear: 
a. The +2 sideband (SI43) had the largest value when damage was observed on the gear 
teeth. 
b. After damage was observed, the +2 sideband (SI43) increased with lower torque and 
decreased with higher torques. 
c. The +3 sideband (SI44) had the largest value when no damage was observed on the gear 
teeth during run-in. 
d. After damage was observed, the following increased with lower torque and decreased 
with higher torques: –3 (SI38), –2 (SI39), +1(SI42), +2(SI43) and +3(SI44). 
e. After damage was observed, the following increased with higher torque and decreased 
with lower torques: –1 (SI40), and gear mesh (SI41). 
2. Left pinion: 
a. The +1 sideband (SI20) and +2 sidebands (SI21) had the largest values during the test, 
but both did not trend well with damage. 
b. After damage was observed, the following increased with lower torque and decreased 
with higher torques: + (SI20) and +2 (SI21) 
c. The following did not indicate trends with torque changes: –1 (SI18) and +2 (SI22) 
d. After damage was observed, the following increased with higher torque and decreased 
with lower torques: –3 (SI16), –2 (SI17) and gear mesh (SI19). 
e. If you separate the trends into torque bands, the only sideband that trended with damage 
at 8000 in.-lbs torque was –3 (SI16). 
3. Right gear: 
a. The +1 sideband (SI42) and +2 sidebands (SI43) had the largest values during the test, 
but both did not trend well with damage. 
b. After damage was observed, the following increased with lower torque and decreased 
with higher torques: –3 (SI38) and +2 (SI43) and +3 SI44. 
c. The following did not indicate trends torque changes: –2(SI39) 
d. After damage was observed, the following increased with higher torque and decreased 
with lower torques: –1(SI40), +1(SI42) and gear mesh (SI41). 
e. If you separate the trends into torque bands, no sideband trended with damage at 
8000 in.-lbs torque. 
4. Right pinion: 
a. The –1 sideband (SI18), +1 sideband (SI20) and +2 sideband (SI21) had the largest 
values during the test, but did not trend well with damage. 
b. After damage was observed, the following increased with lower torque and decreased 
with higher torques: –1 (SI18). 
c. The following did not indicate trends with torque changes: –2(SI17), +2 (SI21) and 
+3(SI22) 
d. After damage was observed, the following increased with higher torque and decreased 
with lower torques: –3 (SI16), +1 (SI20) and gear mesh (SI19). 
e. If you separate the trends into torque bands, the only sideband that trended with damage 
at 8000 in.-lbs torque was +1 (SI20). 
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A summary of the response of the average of +3 sidebands, the average of +1 sideband and the 
maximum of the +3 sidebands is listed below: 
 
1. Left gear: 
a. The maximum sideband, average 1 sideband and 3 sideband did not trend well with 
damage. 
b. The maximum sideband and 3 sideband increased with lower torque and decreased with 
higher torques. 
c. The +1 sideband did not trend with torque changes 
2. Left pinion: 
a. The maximum sideband, average 1 sideband and 3 sideband did not trend well with 
damage. 
b. The maximum sideband, 1 sideband and 3 sideband increased with lower torque and 
decreased with higher torques. 
3. Right gear: 
a. The maximum sideband, average + sideband and 3 sideband did not trend well with 
damage. 
b. The 1 sideband and 3 sideband increased with lower torque and decreased with higher 
torques. 
c. The maximum sideband did not trend with torque changes 
4. Right pinion: 
a. The maximum sideband, average 1 sideband and 3 sideband did not trend well with 
damage.  
b. The maximum sideband, 1 sideband and 3 sideband increased with higher torques and 
decreased with lower torques. 
Test 3  
Figure 10 is a plot of debris generated and the torque during test 3. Figure 11 is a plot of RMS during 
test 3. Tooth damage photos for the gear and pinion during the inspection intervals can be found in 
Figure A.3.1 to A.3.2. 
For test 3, Figures A.3.1 and A.3.2 illustrate the progression of damage to five right and left pinion 
teeth. No macropitting was observed on the pinion teeth at reading 184, 3.07 hr into the test. At reading 
482, 8.67 hr into the test, a pit was observed on a right pinion tooth. Several more pits were observed at 
reading 686, 11.43 hr into the test on the right pinion teeth and one pit on a left pinion tooth.  
For test 3, per Figure 10, the rate of debris generation measured increased when torque increased 
from 6,000 to 8,000 in.-lb. For this test, the torque was not decreased when the macropitting was 
observed on the teeth. The 6.37 mg/hr rate of debris generation when spalling macropitting (4.3.4) was 
observed at 8,000 in.-lb was higher than the 3.75 mg/hr rate of debris generation when spalling 
macropitting (4.3.4) was observed at 4,000 in.-lb for test 2. 
Per Figure 11, RMS could not be used to isolate the pinion from the gear on the left and right side of 
the test rig. The left gear and pinion tracked each other very closely as did the right gear and pinion. Both 
responded to the restarts after inspections, but the right side was significantly more sensitive than the left. 
The left and right side RMS values did not trend well with damage progression due to the varying torque 
levels throughout the test. The right side RMS values decreased when the torque increased from 6000 to 
8000 in.-lbs. At 8000 in.-lbs, the right side showed a slight increasing trend with damage. 
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Figure 10.—Debris generated and torque during test 3. 
 
 
Figure 11.—RMS during test 3. 
 
Figures B.3.1, B.3.5, B.3.9, and B.3.13 are plots of the individual 3 sideband and the gear mesh for 
the 41 tooth gears and the 19 tooth pinions for left gear, right gear, left pinion, right pinion during the test 
from the MDSS. The left y-axis is scaled for the 3 sidebands. The right y-axis is scaled for the gear 
(Sig41) and pinion (SI19) meshes. The x-axis correlates to the time in operation of the test rig in minutes. 
The yellow triangles correlate to gear tooth inspections. 
Figures B.3.2, B.3.6, B.3.10, and B.3.14 are plots of the individual 3 sideband and the gear mesh for 
the 41 tooth gears and the 19 tooth pinions for left gear, right gear, left pinion, right pinion during the test 
from the MSPU. The left y-axis is scaled for the 3 sidebands. The right y-axis is scaled for the gear 
(Sig41) and pinion (SI19) meshes. The yellow triangles correlate to gear tooth inspections per Table 8. 
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Figures B.3.3, B.3.7, B.3.11, and B.3.15 are plots of the average 1 sidebands, average 3 sidebands 
and the maximum of the 3 sidebands for left gear, right gear, left pinion, right pinion during the test 
from the MDSS. The yellow triangles correlate to gear tooth inspections. 
Figures B.3.4, B.3.8, B.3.12, and B.3.16 are plots of the average 1 sidebands, average 3 sidebands 
and the maximum of the 3 sidebands for left gear, right gear, left pinion, right pinion during the test 
from the MSPU. The yellow triangles correlate to gear tooth inspections per Table 8. 
Table 13 is a summary of the mean and standard deviation values for the individual sidebands 
between each inspection interval. The columns highlighted in blue are the gear and pinion meshes. The 
cells highlighted in red have the maximum values within that inspection interval. The cells highlighted in 
yellow have the next maximum values. The cells highlighted in green have the minimum values.  
For test 3, Figures A.3.1 and A.3.2 in Appendix A, illustrate the progression of damage to six right 
and left pinion teeth. No macro-pitting was observed on the pinion teeth 3 hr into the test. Eight hours into 
the test, a pit was observed on a right pinion tooth. Several more pits were observed 11 hr into the test on 
the right pinion teeth and one pit on a left pinion tooth. 
 
TABLE 13.—SUMMARY OF SIDEBANDS FOR TEST 3 
 
  
Torque Inspection SIgl38 SIgl39 SIgl40 SIgl41 SIgl42 SIgl43 SIgl44 SIgl38 SIgl39 SIgl40 SIgl41 SIgl42 SIgl43 SIgl44
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 169 0.12 0.11 0.05 2.20 0.29 0.30 0.42 0.02 0.01 0.02 0.11 0.09 0.03 0.05
6000 70184 0.06 0.12 0.15 3.50 0.33 0.17 0.13 0.01 0.03 0.01 0.45 0.03 0.08 0.03
6000 185367 0.06 0.08 0.15 3.66 0.35 0.12 0.09 0.01 0.02 0.02 0.23 0.04 0.08 0.02
8000 368520 0.03 0.06 0.19 3.74 0.26 0.14 0.06 0.01 0.01 0.02 0.06 0.02 0.01 0.01
8000 521686 0.03 0.12 0.14 4.61 0.39 0.26 0.11 0.01 0.04 0.05 0.48 0.07 0.03 0.03
Torque Inspection SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22 SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 169 0.01 0.10 0.15 2.20 0.22 0.28 0.04 0.01 0.01 0.06 0.11 0.05 0.03 0.01
6000 70184 0.06 0.12 0.16 3.50 0.08 0.33 0.05 0.02 0.02 0.02 0.45 0.03 0.06 0.01
6000 185367 0.06 0.15 0.23 3.66 0.08 0.34 0.06 0.01 0.02 0.02 0.23 0.01 0.04 0.01
8000 368520 0.07 0.05 0.26 3.74 0.28 0.29 0.03 0.02 0.02 0.02 0.06 0.05 0.04 0.01
8000 521686 0.09 0.07 0.22 4.61 0.49 0.30 0.05 0.02 0.02 0.03 0.48 0.06 0.04 0.02
Torque Inspection SIgr38 SIgr39 SIgr40 SIgr41 SIgr42 SIgr43 SIgr44 SIgr38 SIgr39 SIgr40 SIgr41 SIgr42 SIgr43 SIgr44
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 169 0.16 0.05 0.10 4.10 0.13 0.28 0.22 0.02 0.02 0.02 0.21 0.03 0.04 0.04
6000 70184 0.04 0.31 0.09 7.20 0.12 0.53 0.05 0.01 0.07 0.03 0.68 0.03 0.20 0.03
6000 185367 0.05 0.34 0.10 7.40 0.15 0.55 0.04 0.02 0.08 0.03 0.83 0.04 0.18 0.02
8000 368520 0.01 0.15 0.18 5.05 0.29 0.22 0.05 0.01 0.01 0.02 0.68 0.03 0.02 0.01
8000 521686 0.02 0.16 0.20 5.40 0.26 0.22 0.04 0.01 0.03 0.04 0.51 0.06 0.05 0.01
Torque Inspection SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22 SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 169 0.02 0.05 0.15 4.10 0.47 0.09 0.08 0.01 0.01 0.03 0.21 0.02 0.02 0.03
6000 70184 0.04 0.13 0.13 7.20 0.55 0.09 0.09 0.01 0.03 0.02 0.67 0.06 0.04 0.03
6000 185367 0.04 0.15 0.13 7.40 0.56 0.08 0.05 0.01 0.02 0.03 0.83 0.04 0.02 0.02
8000 368520 0.03 0.06 0.10 5.05 0.87 0.13 0.10 0.01 0.01 0.02 0.68 0.13 0.03 0.02
8000 521686 0.07 0.06 0.14 5.40 0.99 0.19 0.07 0.02 0.02 0.03 0.51 0.14 0.06 0.03
RightPinion RightPinion
L0701R0802 Means StandardDeviations
RightGear RightGear
L0701R0802
LeftPinion LeftPinion
StandardDeviationsMeans
LeftGear LeftGear
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A summary of the response of the individual sidebands to damage between each inspection interval is 
listed below:  
 
1. Left gear: 
a. The +1 sideband (SI42) had the largest value when damage was observed on the gear 
teeth, but did not trend upward between inspection interval 368-520. 
b. The +3 sideband (SI44) had the largest value when no damage was observed on the gear 
teeth during run-in. 
c. After damage was observed, the following increased with lower torque and decreased 
with higher torques: –3 (SI38) and +3(SI44). 
d. After damage was observed, the following increased with higher torque and decreased 
with lower torques: –1 (SI40), and gear mesh (SI41). 
e. The following did not indicate trends with torque changes: –2 (SI39), +1 (SI42) and +2 
(SI43). 
2. Left pinion: 
a. The +1 sideband (SI20) and +2 sidebands (SI21) had the largest values during the test 
and +1 sideband (SI20) trended well with damage. 
b. The following did not indicate trends with torque changes: –2 (SI17), +1(SI20), +2(SI21) 
and +2 (SI22). 
c. After damage was observed, the following increased with higher torque and decreased 
with lower torques: –3 (SI16), –1 (SI18) and gear mesh (SI19). 
d. If you separate the trends into torque bands, none trended with damage at 8000 in.-lbs 
torque. 
3. Right gear: 
a. The +1 sideband (SI42) and +2 sidebands (SI43) had the largest values during the test, 
but both did not trend well with damage. 
b. After damage was observed, the following increased with lower torque and decreased 
with higher torques: –3 (SI38). 
c. The following did not indicate trends with torque changes: –1(SI40), +1(SI42) and 
+3(SI44). 
d. The following were sensitive to torque changes but increased and decreased: –2(SI39), 
+2(SI43) and gear mesh (SI41). 
e. If you separate the trends into torque bands, no sideband trended with damage at 
8000 in.-lbs torque. 
4. Right pinion: 
a. The +1 sideband (SI20) had the largest values during the test and trended well with 
damage. 
b. None of the sidebands indicated significant trends with torque changes. 
c. If you separate the trends into torque bands, the following sideband trended with damage 
at 8000 in-lbs torque: –3 (SI16), +1 (SI20), +2(SI21). 
 
A summary of the response of the average of +3 sidebands, the average of +1 sideband and the 
maximum of the +3 sidebands is listed below: 
 
1. Left gear: 
a. The maximum sideband, average 1 sideband and 3 sideband did not trend well with 
damage. 
b. The maximum sideband increased with lower torque and decreased with higher torques. 
c. The 1 and 3 sideband did not trend with torque changes. 
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2. Left pinion: 
a. The maximum sideband, average 1 sideband and 3 sideband did not trend well with 
damage from inspection interval 368–520. 
b. The maximum sideband, and 3 sideband trend well with damage from inspection 
interval 521-686. 
c. The 1 sideband increased with lower torque and decreased with higher torques. 
3. Right gear: 
a. The maximum sideband, and 3 sideband did not trend well with damage. 
b. The maximum sideband and 3 sideband increased and decreased with torque changes. 
c. The 1 sideband had the highest value when damage occurred. 
4. Right pinion: 
a. The maximum sideband, average 1 sideband and 3 sideband all trended with damage 
at 8000 in.-lbs.  
b. The maximum sideband slightly increased with higher torques and decreased with lower 
torques. 
Test 4 
Figure 12 is a plot of debris generated and the torque during test 4. Figure 13 is a plot of RMS during 
test 4. Tooth damage photos for the gear and pinion during the inspection intervals can be found in 
Figures A.4.1 to A.4.3. 
For test 4, Figures A.4.1 to A.4.3 illustrate no macropitting was observed on the pinion teeth at 
reading 1829, 30.48 hr into the test. At reading 4034, 67.23 hr into the test, several pits were observed on 
the left gear teeth and micropitting on both the left and right pinion teeth. The torque remained at 
6000 in.-lb during the test.  
For test 4, per Figure 12, the rate of debris generation measured was at 0.51 mg/hr rate of debris 
generation when spalling macropitting (4.3.4) was observed at 6000 in.-lb This rate was lower than the 
3.75 mg/hr rate of debris generation when spalling macropitting (4.3.4) was observed at 4000 in.-lb for 
test 2, and lower than the 6.37 mg/hr rate of debris generation when spalling macropitting (4.3.4) was 
observed at 8000 in.-lb for test 3. 
Per Figure 13, RMS could not be used to isolate the pinion from the gear on the left and right side of 
the test rig. The left gear and pinion tracked each other very closely as did the right gear and pinion. Both 
responded to the restarts after inspections, but the right side was significantly more sensitive than the left. 
The left and right side RMS values did not trend well with damage progression until after reading 1829, 
then showed and increasing trend with damage. Torque was held at 6000 in.-lbs during this time period.  
Figures B.4.1, B.4.5, B.4.9, and B.4.13 are plots of the individual 3 sideband and the gear mesh for 
the 41 tooth gears and the 19 tooth pinions for left gear, right gear, left pinion, right pinion during the test 
from the MDSS. The left y-axis is scaled for the 3 sidebands. The right y-axis is scaled for the gear 
(Sig41) and pinion (SI19) meshes. The x-axis correlates to the time in operation of the test rig in minutes. 
The yellow triangles correlate to gear tooth inspections. 
Figures B.4.2, B.4.6, B.4.10, and B.4.14 are plots of the individual 3 sideband and the gear mesh for 
the 41 tooth gears and the 19 tooth pinions for left gear, right gear, left pinion, right pinion during the test 
from the MSPU. The left y-axis is scaled for the 3 sidebands. The right y-axis is scaled for the gear 
(Sig41) and pinion (SI19) meshes. The yellow triangles correlate to gear tooth inspections per Table 9. 
Figures B.4.3, B.4.7, B.4.11, and B.4.15 are plots of the average 1 sidebands, average 3 sidebands 
and the maximum of the 3 sidebands for left gear, right gear, left pinion, right pinion during the test 
from the MDSS. The yellow triangles correlate to gear tooth inspections. 
Figures B.4.4, B.4.8, B.4.12, and B.4.16 are plots of the average 1 sidebands, average 3 sidebands 
and the maximum of the 3 sidebands for left gear, right gear, left pinion, right pinion during the test 
from the MSPU. The yellow triangles correlate to gear tooth inspections per Table 9. 
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Figure 12.—Debris generated and torque during test 4. 
 
 
 
 
Figure 13.—RMS during test 4. 
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Table 14 is a summary of the mean and standard deviation values for the individual sidebands 
between each inspection interval. The columns highlighted in blue are the gear and pinion meshes. The 
cells highlighted in red have the maximum values within that inspection interval. The cells highlighted in 
yellow have the next maximum values. The cells highlighted in green have the minimum values. 
For test 4, Figures A.4.1 to A.4.3, in Appendix A, illustrate no macropitting was observed on the 
pinion teeth 30 hr into the test. Sixty-seven hours into the test, several pits were observed on the left gear 
teeth and micropitting on both the left and right pinion teeth. The torque remained at 6000 in.-lb during 
the test. 
 
TABLE 14.—SUMMARY OF SIDEBAND FOR TEST 4 
 
  
Torque Inspection SIgl38 SIgl39 SIgl40 SIgl41 SIgl42 SIgl43 SIgl44 SIgl38 SIgl39 SIgl40 SIgl41 SIgl42 SIgl43 SIgl44
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 160 0.13 0.14 0.18 1.61 0.16 0.33 0.44 0.02 0.04 0.02 0.07 0.08 0.05 0.07
6000 61489 0.04 0.11 0.16 1.86 0.23 0.20 0.24 0.01 0.02 0.03 0.11 0.03 0.05 0.05
6000 490901 0.04 0.10 0.17 2.25 0.22 0.17 0.28 0.01 0.01 0.02 0.19 0.02 0.04 0.03
6000 9021196 0.04 0.09 0.14 2.53 0.23 0.16 0.26 0.01 0.03 0.03 0.21 0.02 0.06 0.04
6000 11971829 0.03 0.08 0.14 2.28 0.21 0.12 0.23 0.01 0.02 0.03 0.12 0.03 0.04 0.03
6000 18304034 0.04 0.07 0.09 2.65 0.16 0.11 0.20 0.01 0.01 0.02 0.28 0.04 0.04 0.03
Torque Inspection SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22 SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 160 0.03 0.09 0.08 1.61 0.19 0.24 0.08 0.02 0.01 0.02 0.07 0.02 0.02 0.03
6000 61489 0.04 0.08 0.12 1.86 0.11 0.32 0.06 0.02 0.02 0.02 0.11 0.03 0.04 0.02
6000 490901 0.06 0.07 0.11 2.26 0.05 0.31 0.10 0.02 0.01 0.02 0.19 0.02 0.03 0.02
6000 9021196 0.04 0.11 0.10 2.53 0.05 0.32 0.18 0.03 0.01 0.01 0.21 0.04 0.03 0.04
6000 11971829 0.11 0.12 0.09 2.28 0.05 0.34 0.31 0.03 0.01 0.02 0.12 0.03 0.04 0.04
6000 18304034 0.13 0.12 0.23 2.65 0.15 0.33 0.25 0.03 0.02 0.04 0.28 0.02 0.05 0.06
Torque Inspection SIgr38 SIgr39 SIgr40 SIgr41 SIgr42 SIgr43 SIgr44 SIgr38 SIgr39 SIgr40 SIgr41 SIgr42 SIgr43 SIgr44
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 160 0.21 0.08 0.03 2.05 0.16 0.27 0.07 0.03 0.02 0.02 0.33 0.06 0.02 0.04
6000 61489 0.05 0.12 0.12 3.36 0.27 0.15 0.05 0.01 0.04 0.02 0.54 0.04 0.03 0.03
6000 490901 0.06 0.13 0.13 3.88 0.33 0.15 0.03 0.01 0.03 0.02 0.33 0.04 0.02 0.03
6000 9021196 0.06 0.11 0.12 3.69 0.37 0.12 0.05 0.01 0.03 0.03 0.33 0.04 0.02 0.03
6000 11971829 0.05 0.09 0.13 3.88 0.40 0.14 0.06 0.01 0.02 0.03 0.28 0.03 0.02 0.02
6000 18304034 0.07 0.08 0.12 3.54 0.47 0.17 0.08 0.01 0.01 0.02 0.50 0.03 0.03 0.02
Torque Inspection SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22 SIpl16 SIpl17 SIpl18 SIpl19 SIpl20 SIpl21 SIpl22
(inlb) Reading SB3 SB2 SB1 GM SB+1 SB+2 SB+3 SB3 SB2 SB1 GM SB+1 SB+2 SB+3
4000 160 0.03 0.05 0.20 2.05 0.40 0.07 0.14 0.01 0.01 0.02 0.33 0.04 0.03 0.05
6000 61489 0.04 0.05 0.41 3.36 0.70 0.13 0.15 0.01 0.02 0.04 0.54 0.08 0.05 0.03
6000 490901 0.04 0.05 0.44 3.88 0.78 0.21 0.21 0.01 0.02 0.04 0.32 0.11 0.04 0.03
6000 9021196 0.02 0.06 0.41 3.69 0.94 0.26 0.15 0.01 0.02 0.05 0.33 0.12 0.03 0.05
6000 11971829 0.05 0.06 0.45 3.88 0.98 0.27 0.10 0.02 0.01 0.03 0.28 0.09 0.03 0.06
6000 18304034 0.11 0.04 0.54 3.54 0.78 0.25 0.21 0.02 0.02 0.04 0.50 0.12 0.08 0.10
L1103R1204
LeftPinion LeftPinion
StandardDeviationsMeans
LeftGear LeftGear
RightPinion RightPinion
L1103R1204 Means StandardDeviations
RightGear RightGear
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A summary of the response of the individual sidebands to damage between each inspection interval is 
listed below: 
 
1. Left gear: 
a. The +3 sideband (SI44) had the largest value when damage was observed on the gear 
teeth. 
b. Since torque remained at 6000 in.-lbs after run-in, no effects due to torque changes could 
be evaluated for this test. 
c. None of the sidebands trended with damage at 6000 in.-lbs. Although the values 
increased as damage progressed at the end of the test for +1(SI42) and +2(SI43), these 
values were higher at the beginning of the test. 
2. Left pinion: 
a. The +2 sidebands (SI21) had the largest values during the test, but both did not trend well 
with damage. 
b. None of the sidebands trended with damage at 6000 in.-lbs. Although +3(SI22) increased 
when damage was first observed on the gear teeth, it dropped in value later in the test. 
3. Right gear: 
a. The +1 sideband (SI42) and +2 sidebands (SI43) had the largest values during the test.  
b. The +1 sideband (SI42) increased with damage.  
4. Right pinion: 
a. The +1 sideband (SI20) had the largest values during the test, increased with damage, 
decreased as the test progressed along with +2 (SI21). 
 
A summary of the response of the average of +3 sidebands, the average of +1 sideband and the 
maximum of the +3 sidebands is listed below: 
 
1. Left gear: 
a. The maximum sideband, average 1 sideband and 3 sideband did not trend well with 
damage. 
b. Although the values seem to increase at reading 3500 as damage these values were higher 
at the beginning of the test. 
2. Left pinion: 
a. The 3 sideband did trend with damage. 
3. Right gear: 
a. The maximum sideband, average +1 sideband and +3 sideband increased with damage 
until reading 3200, then decreased. 
4. Right pinion: 
a. The maximum sideband, average 1 sideband and 3 sideband increased with damage 
until inspection 1196, then decreased. 
Discussion of Results 
Many factors affect the gear CI’s ability to respond to tooth damage through vibration response. The 
response of the accelerometer to a specific fault can depend on the sensor specifications, the signal 
processing of the raw signal, mounting and its location. The CI method of calculation, operational 
conditions and type of failure mode can also affect its response. 
For these tests, accelerometer specifications, signal processing, mounting, location and structure 
remained the same for all four tests. Per table 10, the physical inputs {I} such as speed, temperatures and 
oil pressures remained within a small range for all tests once they reached steady-state conditions after 
restarting. Torque varied for several tests. The internal response {R} can change due to damage, but also 
type of failure mode and level of damage. Due to the design of our test rig, the internal response of the 
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gear set on the left side may affect the right side. It was also found that the right and left side of our test rig 
responded differently to the varying levels of torque. The measured output {O}, vibration response from the 
left and right accelerometers then feeds into a CI calculation for the left gear, left pinion, right gear and right 
pinion. Each CI can respond differently to varying torque levels and varying levels of damage. 
Reviewing the RMS values for the four tests, several observations could be made. During test one, 
RMS values for all four components trended with damage when torque was maintained. RMS values for 
the right gear and pinion were significantly more sensitive to torque changes and shutdowns than the left 
for all four tests. During tests two and three, no RMS values trended with component damage, most likely 
due to varying torque levels throughout the test. During test four, RMS values for the left gear and pinion 
trended with component damage when torque was maintained. 
Individual sidebands, average and maximum sidebands responded differently for each test, torques, 
damage modes and components. In regards to torque changes, one interesting observation is that the 
amplitude changes with load, but not necessarily in a positive direction—lower torques produce higher 
amplitudes for some sidebands. 
Assessing whether a change in any particular condition indicator or sideband feature was due to only 
a change in damage level, a change in operating condition or some combination of both was a challenge 
since there are gaps in the data across all tests in regards to the different operating conditions. From what 
has been learned during this preliminary investigation, future tests are planned to determine the 
magnitude of these effects on the CI data collected. However, an initial investigation of the response of 
the different sideband indexes to damage modes will be presented. 
To perform the assessment required assigning a continuous monotonic increasing value to the 
different damage modes observed during each inspection interval. The values chosen for each test are 
listed in Table 15. The values were chosen based on the level of damage and the damage of the most 
interest for this study. A value of 0.1 was assigned to gear teeth broken in with no damage while a value 
of 5 indicates progressive macro-pitting on two or more gear teeth. Optimization of defining and 
assigning values to the damage modes for future tests is also planned.  
Damage values based on component tooth damage were generated for each reading for each test. 
Figure 14 is a plot of the damage values from Table 15 for test 1. An average damage value was also 
calculated for all 4 components for each reading. A fifth parameter, referred to as 4.3.2 Progressive, is a 
damage value when progressive pitting was observed on two or more teeth on any of the four 
components. For example, during test 1, this value was 0.1 until reading 1862. After this reading, the 
damage value remained at 5 for the rest of the test. Values were assigned and used to determine the 
sensitivity of the CI to this specific failure mode. Also note for tests 2 and 3, the torque changed within an 
inspection interval. Further work is required to optimize the values or classify and cluster them with 
additional information.  
 
 
Figure 14.—Damage values for test 1.  
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TABLE 15.—ASSIGNED DAMAGE VALUES FOR DAMAGE MODES 
 
 
To assess the relationship between the different parameters, Pearson Correlation Coefficients (r) were 
calculated for the parameters. Correlations coefficients measure the strength and direction of the linear 
relationship between two parameters (Ref. 21). Correlation coefficients are calculated by dividing the 
covariance of the two variables by the product of their standard deviations. Its value ranges between 
–1 and +1. A perfect linear relationship between two parameters will have a correlation coefficient of 1 or 
–1. The focus for this analysis will be on r values greater than or equal to 0.8, indicating a CI response 
with a strong correlation to damage modes. A correlation matrix is generated for each test showing the 
linear relationship between CIs for the four components, torque, oil debris mass, and the six damage 
values calculated for the damage modes. Note that this method will only indicate linear relationships 
between parameters.  
One example of this analyses applied to test 1 will be presented. The left and right, gear and pinion, 
maximum and average 1 sideband indexes were calculated for comparison. Per review of the data in 
Table 11 the –3 sideband and the +3 sideband had the least response due to damage as compared to the 1 
and 2 sidebands. For this reason, the average 2 sidebands were calculated instead of the 3 for all four 
components for comparison using the correlation coefficients. The correlation tables for test 1 is shown in 
Table 16. 
  
Test1 Rdg(Min) Torque GearLeft PinionLeft GearRight PinionRight
Start 0 0 0.1 0.1 0.1 0.1
Runin 60 4000 0.1 0.1 0.1 0.1
Inspection 1186 4000 0.1 0.1 0.1 0.1
Inspection 187269 8000 0.1 0.1 0.1 3
Inspection 270553 8000 0.1 4 2 3
Inspection 5541862 8000 0.1 4 3.5 3
Inspection 18634814 8000 5 5 3.5 3
Inspection 48156065 8000 5 5 5 5
Test2 Rdg(Min) Torque GearLeft PinionLeft GearRight PinionRight
Start 0 0 0.1 0.1 0.1 0.1
Runin 60 4000 0.1 0.1 0.1 0.1
Inspection 1108 4000 0.1 0.1 0.1 0.1
202 4000 1 2 2 3
Inspection 109379 8000 1 2 2 3
468 4000 1 5 2 3
Inspection 380559 8000 1 5 2 3
632 4000 1 5 2 3
Inspection 560662 8000 1 5 2 3
Test3 Rdg(Min) Torque GearLeft PinionLeft GearRight PinionRight
Start 0 4000 0.1 0.1 0.1 0.1
Runin 69 4000 0.1 0.1 0.1 0.1
Inspection 69184 6000 1 0.1 0.1 0.1
367 6000 1 4 2 4
Inspection 185520 8000 1 4 2 4
Inspection 521686 8000 1 4 2 5
Test4 Rdg(Min) Torque GearLeft PinionLeft GearRight PinionRight
Start 0 4000 0.1 0.1 0.1 0.1
Runin 60 4000 0.1 0.1 0.1 0.1
Inspection 61489 6000 1 0.1 2 4
Inspection 490901 6000 1 4 2 4
Inspection 9021196 6000 1 4 2 4
Inspection 11971829 6000 1 4 2 4
Inspection 18304034 6000 5 4 2 4
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TABLE 16.—TEST 1 CORRELATION TABLE 
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For test 1, 2 average sidebands for the left pinion, right gear and right pinion, 1 average sidebands 
for the right pinion and maximum sidebands for the right gear had a strong correlation to damage mode 
4.3.2. Average damage had a strong correlation to 2 average sidebands for the left and right pinion and 
the maximum sidebands for the right gear. Oil debris mass sensor also correlated to damage mode 4.3.2 
and average damage values. All 4 components had 4.3.2 damage at the end of the test. Note that no left 
gear sideband index values responded well to damage. One interesting observation was that a correlation 
coefficient value of 1 existed between the left pinion and right pinion maximum sideband values for all 
four tests. This indicates the coupling of the right and left pinion through their shafts in our test rig. Use 
of this CI to differentiate between the two components if only one had damage may be challenging. 
Results of the correlation coefficient analysis indicated strong linear correlations did not exist between 
several of the CIs measured during varying test conditions. However, non-linear correlations may exist 
between the CIs, damage modes and operating conditions that will require further analysis with different 
methods. Future test data will need to be generated that enables grouping the data into comparable torques 
and damage levels for comparison. 
Summary 
The purpose of this analysis was to evaluate the ability of gear CI to detect contact fatigue damage on 
spiral bevel gear teeth. Tests were performed in the NASA Glenn Spiral Bevel Gear Fatigue Rig on eight 
prototype gear sets during four damage progression tests. Vibration data was measured at varying torque, 
while varying modes and levels of tooth damage were observed. Due to the prototype gear design, failures 
modes in addition to contact fatigue occurred during testing. 
Gear condition indicator (CI) sideband index and individual sideband amplitudes were assessed to 
determine if they could detect contact fatigue damage on spiral bevel gear teeth. For these tests, 
individual, average and maximum sideband indexes (SI) responded differently for each test, torques, 
damage levels, damage modes and component. 
The performance of CI, RMS, was also evaluated for its ability to detect spiral bevel gear tooth 
damage. RMS values trended with damage progression when torque was maintained but did not trend 
well with damage progression at varying torque levels. It was also found that the RMS values for the right 
side of our test rig were significantly more sensitive to torque changes than the left side. 
Lessons learned during this preliminary investigation will be used to define the testing and analysis 
methods for future testing of forty-two final design gear sets.  
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Appendix A.—Representative Photos of Gear and Pinion Teeth Damage 
 
Figure A.1.1.—Test 1 gear and pinion damage modes. 
 
 
Figure A.1.2.—Test 1 gear and pinion damage modes. 
 
 
Figure A.1.3.—Test 1 gear and pinion damage modes. 
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Figure A.1.4.—Test 1 gear and pinion damage modes. 
 
 
Figure A.1.5.—Test 1 gear and pinion damage modes. 
 
 
Figure A.2.1.—Test 2 gear and pinion damage modes. 
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Figure A.3.1.—Test 3 gear and pinion damage modes. 
 
 
 
Figure A.3.2.—Test 3 gear and pinion damage modes. 
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Figure A.4.1.—Test 4 gear and pinion damage modes. Figure A.4.2.—Test 4 gear and pinion damage modes. 
Figure A.4.3.—Test 4 gear and pinion damage modes. 
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Appendix B.—Plots of MDSS and MSPU Individual, Average of 
1 Sideband, 3 Sideband and Maximum Sideband 
 
Figure B.1.1.—Test 1 plot of left gear individual sidebands for MDSS. 
 
 
Figure B.1.2.—Test 1 plot of left gear average and maximum sidebands for MDSS. 
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Figure B.1.3.—Test 1 plot of left pinion individual sidebands for MDSS. 
 
 
Figure B.1.4.—Test 1 plot of left pinion average and maximum sidebands for MDSS. 
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Figure B.1.5.—Test 1 plot of right gear individual sidebands for MDSS. 
 
 
Figure B.1.6.—Test 1 plot of right gear average and maximum sidebands for MDSS. 
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Figure B.1.7.—Test 1 plot of right pinion individual sidebands for MDSS. 
 
 
Figure B.1.8.—Test 1 plot of right pinion average and maximum sidebands for MDSS. 
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Figure B.2.1.—Test 2 plot of left gear individual sidebands for MDSS. 
 
 
Figure B.2.2.—Test 2 plot of left gear individual sidebands for MSPU. 
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Figure B.2.3.—Test 2 plot of left gear average and maximum sidebands for MDSS. 
 
 
Figure B.2.4.—Test 2 plot of left gear average and maximum sidebands for MSPU. 
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Figure B.2.5.—Test 2 plot of left pinion individual sidebands for MDSS. 
 
 
Figure B.2.6.—Test 2 plot of left pinion individual sidebands for MSPU. 
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Figure B.2.7.—Test 2 plot of left pinion average and maximum sidebands for MDSS. 
 
 
Figure B.2.8.—Test 2 plot of left pinion average and maximum sidebands for MSPU. 
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Figure B.2.9.—Test 2 plot of right gear individual sidebands for MDSS. 
 
 
Figure B.2.10.—Test 2 plot of right gear individual sidebands for MSPU. 
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Figure B.2.11.—Test 2 plot of right gear average and maximum sidebands for MDSS. 
 
 
Figure B.2.12.—Test 2 plot of right gear average and maximum sidebands for MSPU. 
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Figure B.2.13.—Test 2 plot of right pinion individual sidebands for MDSS. 
 
 
Figure B.2.14.—Test 2 plot of right pinion individual sidebands for MSPU. 
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Figure B.2.15.—Test 2 plot of right pinion average and maximum sidebands for MDSS. 
 
 
Figure B.2.16.—Test 2 plot of right pinion average and maximum sidebands for MSPU. 
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Figure B.3.1.—Test 3 plot of left gear individual sidebands for MDSS. 
 
 
Figure B.3.2.—Test 3 plot of left gear individual sidebands for MSPU. 
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Figure B.3.3.—Test 3 plot of left gear average and maximum sidebands for MDSS. 
 
 
Figure B.3.4.—Test 3 plot of left gear average and maximum sidebands for MSPU. 
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Figure B.3.5.—Test 3 plot of left pinion individual sidebands for MDSS. 
 
 
Figure B.3.6.—Test 3 plot of left pinion individual sidebands for MSPU. 
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Figure B.3.7.—Test 3 plot of left pinion average and maximum sidebands for MDSS. 
 
 
Figure B.3.8.—Test 3 plot of left pinion average and maximum sidebands for MSPU. 
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Figure B.3.9.—Test 3 plot of right gear individual sidebands for MDSS. 
 
 
Figure B.3.10.—Test 3 plot of right gear individual sidebands for MSPU. 
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Figure B.3.11.—Test 3 plot of right gear average and maximum sidebands for MDSS. 
 
 
Figure B.3.12.—Test 3 plot of right gear average and maximum sidebands for MSPU. 
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Figure B.3.13.—Test 3 plot of right pinion individual sidebands for MDSS. 
 
 
Figure B.3.14.—Test 3 plot of right pinion individual sidebands for MSPU. 
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Figure B.3.15.—Test 3 plot of right pinion average and maximum sidebands for MDSS. 
 
 
Figure B.3.16.—Test 3 plot of right pinion average and maximum sidebands for MSPU. 
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Figure B.4.1.—Test 4 plot of left gear individual sidebands for MDSS. 
 
 
Figure B.4.2.—Test 4 plot of left gear individual sidebands for MSPU. 
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Figure B.4.3.—Test 4 plot of left gear average and maximum sidebands for MDSS. 
 
 
Figure B.4.4.—Test 4 plot of left gear average and maximum sidebands for MSPU. 
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Figure B.4.5.—Test 4 plot of left pinion individual sidebands for MDSS. 
 
 
Figure B.4.6.—Test 4 plot of left pinion individual sidebands for MSPU. 
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Figure B.4.7.—Test 4 plot of left pinion average and maximum sidebands for MDSS. 
 
 
Figure B.4.8.—Test 4 plot of left pinion average and maximum sidebands for MSPU. 
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Figure B.4.9.—Test 4 plot of right gear individual sidebands for MDSS. 
 
 
Figure B.4.10.—Test 4 plot of right gear individual sidebands for MSPU. 
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Figure B.4.11.—Test 4 plot of right gear average and maximum sidebands for MDSS. 
 
 
Figure B.4.12.—Test 4 plot of right gear average and maximum sidebands for MSPU. 
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Figure B.4.13.—Test 4 plot of right pinion individual sidebands for MDSS. 
 
 
Figure B.4.14.—Test 4 plot of right pinion individual sidebands for MSPU. 
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Figure B.4.15.—Test 4 plot of right pinion average and maximum sidebands for MDSS. 
 
 
Figure B.4.16.—Test 4 plot of right pinion average and maximum sidebands for MSPU. 
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Appendix C.—Summary of Test Operational Data Averaged 
Within Each Inspection Period 
Table C.1:  Daytronic Operational Parameters 
NAME MEASUREMENT DESCRIPTION 
LOI TC #2, LOI, Left side oil inlet 
LOO TC #3, LOO, Left side oil outlet 
Lchg LOI-LOO 
ROI TC #12, ROI, Right side oil inlet 
ROO TC #13, ROO, Right side oil outlet 
Rchg ROI-ROO 
Gear torque Gear torque 
Pinion torque Pinion torque 
Gear rpm Gear speed 
Pinion rpm Pinion speed 
Lpsi Left side oil inlet pressure 
Rpsi Right side oil inlet pressure 
 
Table C.2:  Average Operational Parameter Values for Test 1 
Rdg(min) LOI LOO Lchg ROI ROO Rchg 
Gear 
torque 
Pinion 
torque 
Gear 
rpm 
Pinion 
rpm HP Lpsi Rpsi 
269 235 184 51 235 183 52 5079 2354 3063 6609 247 79 70 
553 247 201 45 247 197 49 7732 3583 3507 7567 430 67 60 
1862 245 195 50 245 194 52 7895 3659 3503 7559 439 63 54 
4814 246 205 41 246 201 45 7888 3655 3510 7573 439 71 63 
6065 250 203 47 250 200 50 7938 3679 3507 7568 442 62 55 
 
 
Table C.3:  Average Operational Parameter Values for Test 2 
Rdg(min) LOI LOO Lchg ROI ROO Rchg 
Gear 
torque 
Pinion 
torque 
Gear 
rpm 
Pinion 
rpm HP Lpsi Rpsi 
108 248 207 41 248 206 42 3869 1793 3503 7560 215 61 58 
379 252 216 35 252 215 36 6439 2984 3469 7486 354 71 65 
559 262 210 53 263 210 53 5843 2708 3497 7545 324 42 38 
662 251 204 48 252 204 48 4927 2283 3502 7557 274 45 75 
 
Table C.4:  Average Operational Parameter Values for Test 3 
Rdg(min) LOI LOO Lchg ROI ROO Rchg 
Gear 
torque Pinion torque 
Gear 
rpm 
Pinion 
rpm HP Lpsi Rpsi 
184 250 209 41 251 210 41 4917 2279 3501 7555 273 52 49 
520 255 219 36 256 221 35 6836 3168 3500 7553 380 52 55 
686 253 216 37 255 218 36 7834 3630 3501 7554 435 52 52 
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Table C.5:  Average Operational Parameter Values for Test 4 
Rdg(min) LOI LOO Lchg ROI ROO Rchg 
Gear 
torque 
Pinion 
torque 
Gear 
rpm 
Pinion 
rpm HP Lpsi Rpsi 
60 249 207 41 250 210 40 4986 2311 3500 7553 277 54 53 
489 254 218 36 255 220 35 5851 2712 3501 7554 325 54 53 
901 255 219 36 256 221 35 5808 2691 3501 7554 323 56 53 
1196 254 217 36 255 220 35 5827 2700 3501 7554 324 56 53 
1829 247 210 37 248 212 36 5950 2757 3501 7555 331 59 58 
4034 256 223 33 257 225 32 5954 2759 3500 7553 331 59 56 
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